The respiratory and haemodynamic effects of incremental levels of positive end expiratory pressure (PEEP) to 9 cm H20 were studied in ten adult patients 3-6 hours after uneventful cardiopulmonary bypass surgery. Functional residual capacity was increased and deadspace-tidal volume ratio tended to fall, the latter approaching significance at + 6 and + 9 cm PEEP. Thus lung volume was increased and there was a tendency to improved gas distribution to the alveoli. However there was no significant change in Pao2, alveolar-arterial oxygen tension difference or venous admixture. Cardiac index, and left ventricular stroke work index were marginally depressed at 6 cm PEEP and further at 9 cm, while right atrial pressure and pulmonary artery occlusion pressure were raised at 9 cm PEEP. It would appear that low levels (3-6 cm) of PEEP do not improve gas exchange in the lungs to any worthwhile degree, and levels (6-9 cm) may impair cardiac performance.
Respiratory and Cardiovascular Responses to PEEP in Artificially Ventilated Patients after Cardiopulmonary Bypass Surgery
T. L. DOBBINSON* AND J. R. MILLER** Department of Anaesthesia, University of Otago SUMMARY The respiratory and haemodynamic effects of incremental levels of positive end expiratory pressure (PEEP) to 9 cm H20 were studied in ten adult patients 3-6 hours after uneventful cardiopulmonary bypass surgery. Functional residual capacity was increased and deadspace-tidal volume ratio tended to fall, the latter approaching significance at + 6 and + 9 cm PEEP. Thus lung volume was increased and there was a tendency to improved gas distribution to the alveoli. However there was no significant change in Pao2, alveolar-arterial oxygen tension difference or venous admixture. Cardiac index, and left ventricular stroke work index were marginally depressed at 6 cm PEEP and further at 9 cm, while right atrial pressure and pulmonary artery occlusion pressure were raised at 9 cm PEEP. It would appear that low levels (3-6 cm) of PEEP do not improve gas exchange in the lungs to any worthwhile degree, and levels (6) (7) (8) (9) cm) may impair cardiac performance.
Key Words: ANAESTHESIA: cardiovascular; SURGERY: cardiovascular; VENTILATION: positive endexpiratory pressure Cardiopulmonary bypass technology is constantly being refined and this has greatly reduced the need for intermittent positive pressure ventilation (IPPV) after uneventful surgery.l,2 It is now the usual practice in some hospitals to discontinue mechanical ventilation at the end of operation, although most centres still employ IPPV for at least a few hours postoperatively and some add positive end expiratory pressure (PEEP) routinely to improve functional residual capacity (FRC) and P a o 2 . This use of PEEP has recently been questioned as it no longer appears certain that FRC will fall after at least some of these procedures and that PEEP will improve P a 0 2 .3,4 In addition the impaired cardiac performance known to occur early after open heart surgery may be aggravated by the use of PEEP with IPPV,5,6 and while it is usually possible to suppress this effect by giving intravenous fluid 7 ,8 it may be undesirable to do so if PEEP will not improve lung function or Pa02. Despite these considerations PEEP remains in routine use in some centres although the few recent studies available do not support this practice. This lack of data and the continuing routine use of PEEP has led us to study aspects of postoperative PEEP in cardiac surgery patients in order to appraise its use. We report here a study of the acute effects of PEEP on cardiac performance and pulmonary gas exchange early after cardiopulmonary bypass surgery when fluid additions have been limited to maintenance fluid and replacement of blood losses due to chest drainage. METHODS Patients were nursed in an intensive care unit in the supine position. An MA-I Bennett ventilator with circle hoses and cascade humidifier was attached and set to deliver tidal volume 10 mllkg, frequency 12-14/min, inspiratory flow 35 lImin, Fi0 2 0.45, without sighs.
The level of sedation was assessed during the hour before measurements commenced, and adjusted to ensure tranquil conditions with apnoea during the study period without additional supplementation. This was achieved by the postoperative use of morphine and diazepam (2-3 mg increments each) to a total of 0.02 mg/kg/hour and 0.03 mg/kg/hour respectively. Morphine was also given at operation 0.5 mg/kg.
A continuous intravenous infusion delivered
5070 dextrose in water at 0.75 11 m 2 124 hours with potassium added to maintain a serum level of 4-5 mmolll. Warmed blood was administered to replace chest drainage, and except during PEEP, to maintain right atrial pressure (RAP) at 10 cm H 2 0. No vasopressors or vasodilators were used. However, calcium gluconate 1.0 g was given for each 500 ml of blood.
Ten patients were studied commencing 3-4 hours after operation. Measurements were obtained without PEEP and then PEEP was applied at 3, 6, 9, 0 cm H 2 0 respectively, with 20-30 minutes between each level.
The surgery for these procedures was undertaken with a Rygg Bagt disposable bubble oxygenator primed with Isolyte+ in 2.5070 dextrose corrected to pH 7.4 with sodium bicarbonate and with calcium chloride added to adjust total calcium to 2-3 mmolll. Core cooling to 25°C was employed and hypothermic cardioplegic arrest achieved, after aortic cross clamping, with ice cold electrolyte solution comprising Ringer Acetate and KCI 20 mmolll. The lungs were statically inflated to 10 cm H 2 0 with oxygen during the bypass period. Figure 1 ). The total volume of these connections was 75 ml and correction was made for this in the measurements. A triple lumen Swan Ganz thermal dilution catheter was inserted at operation and the position of the tip later assessed from a postoperative chest X-ray. Tidal volume (VT), systemic blood pressure (BP), pulmonary artery occlusion pressure (P AOP), right atrial pressure (RAP) and airway pressure (Paw) were recorded on a multichannel pen recorder. Electrocardiograph (ECG) was displayed separately.
At the end of each period expired gas was collected for 3-5 minutes by the Douglas Bag technique. Arterial and mixed venous blood were obtained concomitantly and placed in ice for subsequent analysis. Two or three cardiac output meaurements were then determined with an Edwards Laboratories Model 9520 Thermal Dilution Computer, along with PAOP, and the mean value for the best two cardiac outputs was used for calculations. Finally FRC was measured by the Closed Circuit Helium Dilution technique.
Respiratory gas was analysed for total volume with a Tissot spirometer and for P02 and PC02 with a Radiometer Model PHA 9276 Electrode System. The pH, PC02 and P02 of blood were measured on a Radiometer Model ABL-1. Gas measurements were corrected for patient temperature and barometric pressure.
Compressed gas volume of tubing between patient connection and gas collect valve was insignificant and therefore not used in calculations. Standard equations were employed for analysis of indices of gas transfer. The Nunn version of the Filley equation was used for alveolar P0 2 .9 Blood oxygen content was calculated from haemoglobin concentration and oxyhaemoglobin saturation. IO Laboratory studies were made of cardiac output computer performance using the method described by Hoel. 11 There was almost linear correlation between thermal dilution measurements and a reference pump flow. Clinical measurements were subsequently assessed for variations between pairs of thermal outputs. The mean cardiac output was 4.6 IImin. The difference between pairs of measurements was 0.15 IImin ± 0.02 (SEM) and the overall coefficient of variation was 4.50/0. Total pulmonary compliance (lung + chest wall) was calculated by dividing expired tidal volume (Hewlett Packard Model 47303A Vertek series pneumotachograph) by the difference between end inspiratory and end expiratory airway pressure. The recordings of pressure and volume were first scrutinised for consistency and artefact and the average of 5-10 representative cycles synchronous with cardiac output measurements was used for calculations.
Pneumotachograph expired volume measurement was compared to Douglas Bag collection for 25 pairs of values corrected to BTPS. VE pneumotach = (VE collect + 2.5) ±24.6 ml.
Frequent closed circuit helium dilution determinations of known gas volumes were made in the laboratory to ensure accuracy and reproducibility of measurements. A three litre volume was measured to 3.0 I ± 0.02 (SEM) with a coefficient of variation 1.8%. It was not practical to duplicate all FRC measurements in the clinical studies but pairs of measurements Anaesthesia and Intensive Care. Vo/. IX. No. 4, November. 1981 were made during each of the study conditions. There was small variation between measurements made carefully during IPPV with or without PEEP and mixing time to final helium equilibration was not different from that for preoperative studies. These observations are consistent with those made previously.2o, 21 A Texas Instruments Co. TI-59 calculator was programmed to present all the variables at the bedside for research and clinical use. Statistical analysis of data included the Student's t test for paired variables and analysis of linear regression.
RESULTS Tables 1 and 2 present the data obtained from the patients studied. Those subjected to aortic valve replacement and mitral valve replacement were included as their measurements followed the same pattern as those having coronary artery bypass grafting. Preoperative cardiac catheterisation showed the patient who had mitral valve replacement to have severe mitral regurgitaion with elevated pulmonary vascular resistance (440 dyne cm -5/ sec) and mildly impaired left ventricular function. The cardiac output was 4.4 lImin at catheter study and 2.8 lImin at zero end expiratory pressure (ZEEP) during postoperative IPPV. This latter was lower than for the other patients. The pulmonary vascular resistance was also lower after operation than before, although it remained the highest recorded (330 dyne cm-5 /sec) postoperatively.
These findings are consistent with those of Trichet et al. 16 who noted higher pulmonary vascular resistance and lower cardiac output in mitral valve replacement patients after operation both during IPPV and PEEP. However in contrast to their study, the dead space-tidal volume ratio in the mitral valve replacement patient here fell with PEEP. The ventilator settings, unchanged throughout the study, achieved the hyperventilation intended as indicated by minute ventilation, Pa02 and respiratory quotient values. The volume delivered by the ventilator was found to vary spontaneously due to PEEP, increasing at + 3 cm and again when PEEP was discontinued. The variations were small and subsequent analysis has indicated a complex relationship between set inspiratory flow rate, tidal volume, frequency and PEEP level.
The increased wasted ventilation often seen when high PEEP levels are employed did not occur and dead space-tidal volume ratio was in fact lower at + 9 cm than at ZEEP. This improvement in gas distribution to alveoli was not associated with any significant alteration in gas transfer. Thus venous admixture and alveolar arterial oxygen tension difference were not altered and although the mean P a o 2 increased, the changes were not significant.
PEEP caused leaks with pneumatic valves in the mixing circuit in six of the patients, necessitating exclusion of the FRC values. Solenoid valves have since been installed, eliminating this problem entirely.
FRC fell with surgery from a preoperative supine value 2.27 (±0.19) I to 1.8 (±0.29) I, (p < 0.01) for five patients with recorded data. These preoperative FRCs are within the predicted range for age and height. FRC (mean) increased at each PEEP level and this was significant at + 6 cm (p < 0.05).
Total dynamic pulmonary compliance was recorded as inconsistent values were obtained with the oesophageal balloon technique for pulmonary compliance. Total dynamic pulmonary compliance was increased at the lowest PEEP level (3 cm) and this was sustained to 9 cm although no further increase in total dynamic pulmonary compliance (mean) was noted beyond 3 cm PEEP.
Cardiac index, mean systemic blood pressure and left ventricular stroke work index fell while right atrial pressure and pulmonary artery occlusion pressure increased with increasing PEEP. Some of these changes were significant at 6 cm and all were at 9 cm PEEP when compared to ZEEP. The return to ZEEP caused cardiac index to rise and pulmonary artery occlusion pressure and right atrial pressure to fall to initial values. There was an associated fall in systemic vascular resistance which was probably responsible for the persistent low mean blood pressure and rise in toe temperature.
DISCUSSION The findings of this study support those obtained by others who found little improvement in pulmonary function when PEEP was routinely employed with IPPV after cardiopulmonary bypass surgery.4,12 Functional residual capacity was increased by PEEP although this was only significant at + 6 cm.
However the rise in functional residual capacity was not associated with any notable improvement in P a o 2 , alveolar-arterial oxygen tension difference or venous admixture either in the patients with FRC data or the group as a whole.
In our patients total dynamic pulmonary compliance (CTOT) increased with the lowest level of PEEP but there was no further increase with additional increments. PEEP at 6 cm and 9 cm caused CTOT to increase in some patients but not others. No correlation could be found between total dynamic pulmonary compliance and functional residual capacity or indices of gas exchange or cardiac performance with increasing PEEP. Thus changes in alveolararterial oxygen difference, Pa02, venous admixture, cardiac index, total available oxygen, systemic blood pressure and functional residual capacity were not correlated to changes in CTOT. Cardiac index changes in response to PEEP were closely correlated to changes in total available oxygen. This is not surprising as arterial blood was fully oxygenated and therefore total available oxygen was determined by: cardiac output x total available oxygen = cardiac output x arterial oxygen content.
Suter et al. 17 have described "best PEEP" for patients with respiratory failure in whom highest total available oxygen was well correlated to highest CTOT. Below "best PEEP" Pa02 was reduced and venous admixture increased whilst the reverse was true above this value. We were unable to define such a relationship although a highest CTOT was obtained for each patient and this occurred at differing PEEP levels. Highest CTOT was mainly at + 6 cm. While none of the indices of gas exchanges or cardiac performance was improved at or below highest CTOT cardiac index and P a02 were lower at 3 cm and systemic blood pressure was lower at 6 cm above highest CTOT (Figure 4 ). Cardiac performance was clearly impaired by 9 cm PEEP although this tendency was apparent from the lowest PEEP level and changes in right atrial pressure, cardiac index and left ventricular stroke work index were significant at 6 cm. The fall in cardiac output caused by PEEP can be corrected by additional intravenous fluid therapy. Thus intravenous fluid can be given to increase ventricular preload and positive inotropes may be used. '4 However neither Good 4 nor Drugge l2 have shown improvement in P a o 2 in patients such as ours when PEEP has been employed with left atrial pressure as high as 18 mmHg. We consider that if PEEP is to be used routinely it should be at a "safe" level, i.e. with peak inspiratory pressure not more than 25 cm H20'5 and should require no additional cardiac supportive measures to be tolerated. Data obtained in the present study suggests that low levels of PEEP (3 cm H 2 o) can be tolerated without impairment of cardiac performance but that pulmonary function is not improved by doing this. Higher PEEP levels are likely to impair cardiac function, are potentially dangerous,'5 and should be reserved for patients with severe defects in arterial oxygenation.
Patients making an uneventful recovery from cardiopulmonary bypass surgery demonstrate consistent changes in body temperature. 13 , IS.19 In the absence of vasodilator therapy there is initially low toe temperature and high systemic vascular resistance, both of which change spontaneously in a reciprocal manner after a delay of several hours. When "rewarming" is complete, the toe temperature is 1-2 QC below core temperature, the systemic vascular resistance is low, and these are sustained for a variable period, but generally exceeding one day. In the present study we noted the anticipated rise in toe temperature. The PEEP had therefore not prevented "rewarming". However the rise was less during PEEP than on its release and this was associated with a sudden fall in systemic vascular resistance. These findings suggest the PEEP may have delayed the anticipated fall in systemic vascular resistance during "rewarming".
